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Objective: to assess the accuracy of volume blood flow using a digitised colour duplex scanner.
Design: observer-blinded experimental study.
Materials and methods: method comparison was performed with linear regression analysis of 89 paired observations
in 11 anaesthetised pigs. A Siemens Sonoline ElegraÌ ultrasound system was used for transcutaneous volume flow
estimation using invasive transit time flowmetry by CardiomedÌ as a reference.
Results: for the individual measurement we found a standard error of the estimate (SEE) of 22 ml/min. For the regression
line, however, the SEE was only 0.2 ml/min.
Conclusions: digitised colour-duplex sonography has a volume flow measurement error that is too high for single
measurements in the individual patient for the method to be useful in clinical decision making, but sufficient for
examinations of groups and comparison of groups.
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Introduction experimental study was to evaluate such a new digit-
ised colour-duplex system for volume blood flow
In the clinical setting as well as in vascular and haemo- estimation using transit time flowmetry as a reference.
dynamic research, accurate measurement of volume
blood flow is required. Transit time flowmetry is a
common intraoperative procedure for measuring ab-
solute volume blood flow during vascular re- Materials and Methods
constructions, and the accuracy of this technique has
been validated both in vitro and in vivo.1–4 Post- This experimental study was in accordance with the
rules of the Danish Animal Experiment Inspectorate.operatively, however, transit time flowmetry cannot be
used because it is invasive. Instead, duplex sonography The common carotid and ascending cervical arteries
were examined in 11 45 kg female pigs (breeds ofwith measurement of peak systolic velocity ratios has
become the method of choice for the surveillance Danish Landrace, Duroc and Yorkshire). The animals
were anaesthetised (Halothane and N2O/O2), in-of vascular reconstructions. Measurement of volume
blood flow using duplex has limitations and sources tubated and connected to a ventilator (Engstrøm 2000,
Sweden). They were haemodynamically monitored byof error that have been described previously.5,6 Never-
theless, several experimental and clinical studies are an arterial line in the right common femoral artery
which was connected to an AS3 monitor (Datex-based on this technique.7–13 During the last few years
a new generation of digitised colour-duplex systems Engstrøm, Finland). The vessels were exposed through
bilateral longitudinal neck incisions. Volume bloodhave become commercially available. These have built-
in options for measurement of volume flow, but so far flow was measured invasively by transit time flow-
metry (CardioMedÌ CM4008, Medi-Stim AS, Norway)the accuracy has not been validated. The aim of this
with the probe clipped on to the artery. We used 3, 4
or 5 mm probes, depending on the vessel diameter, to
avoid squeezing the artery between the bracket and
* Please address all correspondence to: P. Licht, Department of the probe. A good acoustic signal was achieved byClinical Physiology and Nuclear Medicine, Odense University Hos-
pital, DK-5000 Denmark. using conductivity gel between probe and vessel. Each
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Fig. 1. Transit time flowmetry measurements are displayed on a monitor as a real time curve together with the calculated mean flow.
probe holds two small piezoelectric crystals on a com- digital channels) using a 5 MHz probe. The artery
was located by colour-duplex technique allowing amon tip with a metallic reflector bracket mounted
opposite. A wide ultrasound beam covering the entire simultaneous 2-D and colour-Doppler image display
of the vessel. A Doppler trace was recorded from awidth of the vessel is emitted from both crystals at
a 45° angle. The transit times are measured for an sample volume large enough to cover the entire vessel
lumen. The angle of insonation never exceeded 55ultrasound pulse emitted from the upstream crystal
to arrive at the downstream crystal after bouncing off degrees. In a guided operation the time-averaged mean
velocity, over four to five operator-defined cardiacthe reflector and vice versa. Because ultrasound travels
faster when it is transmitted in the same instead of cycles, was automatically traced from the Doppler
spectrum by a built-in spectral analyser. Switching tothe opposite direction as blood flows, the result is a
small time difference between two signals. This time the 2-D and colour-Doppler image allowed the op-
erator to set the diameter of the artery lumen whichdifference is expressed as a shift of phase and it is
proportional to the volume flow, which is calculated was then used by the system to calculate the cross-
sectional area and, hence, the volume blood flow. Weby a computer. The flow measurements are displayed
on a monitor as a real-time curve together with the measured the diameter in systole. To compare the
absolute volume flow over a wide range of valuescalculated mean flow (computed over the last 7 s) (Fig.
1). Transcutaneous measurements of volume flow in the mean arterial pressure was changed during the
experiment by varying the concentration of Halothane.the same vessel were obtained simultaneously with
a Siemens Sonoline ElegraÌ ultrasound system (256 Each single measurement, however, was made during
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Fig. 2. A plot of the volume blood flow as measured by the transit Fig. 3. The differences in measurement of volume blood flow
time ultrasound method (x) against volume blood flow as measured between CardioMedÌ and Siemens Sonoline ElegraÌ (y-axis) is
by the colour-duplex ultrasound method (y). A curve is fitted by plotted against the mean of the two methods (x-axis). The mean
least square linear regression with a narrow 95% confidence interval difference is marked (the dotted line) as well as two times the
for the regression line as well as a wider 95% prediction interval standard deviation at the top and mean minus 2 s.d. at the bottom
for an individual observation. (dashed lines). As seen there is considerable lack of agreement for
the individual observations with a discrepancy of up to 77 ml/min.
haemodynamically stable periods lasting at least 1 min.
by least square linear regression: y=0.98·+8.4. TheIn addition, to include investigation of flow less than
regression line did not deviate significantly from the75 mm/min, we measured flow in the right ascending
line of identity. The 95% confidence interval for thecervical artery of two animals. Paired simultaneous
regression line and the 95% prediction interval for anobservations were made between the Siemens Sonoline
individual observation are also shown in Fig. 2. TheElegraÌ and the CardioMedÌ. The latter was recorded
standard error of the estimate (SEE) for the regressionat the time when the non-invasive Doppler spectrum
line was 0.2 ml/min, whereas the SEE for thewas frozen to ensure that volume flow was calculated
individual observation was 22 ml/min. Figure 3 is aduring the same cardiac cycles by the two systems.
difference plot of the data according to the method ofAll measurements on the duplex system were carried
Bland and Altman.14 We found no linear relationshipout by the same operator, who was unaware of ob-
between the differences and the mean values obtainedservations with the CardioMedÌ probes.
by the two methods (Pearson r=0.06, p=0.57) so weStandard linear regression was used for statistical
calculated the 95% limits of agreement which is shownanalysis including calculations of the standard error
as dashed lines. The mean difference between the twoof the slope and standard error of the estimate with
methods was: Siemens Sonoline ElegraÌ=Cardio-corresponding 95% confidence intervals. In addition,
MedÌ +2.7 ml/min indicating that absolute volumewe included a difference plot (difference against mean)
flow was slightly overestimated by the Siemensand calculated the 95% limits of agreement (mean
Sonoline ElegraÌ. However, the 95% conficence in-difference–2 s.d.) according to the method of Bland
terval for this difference, using a paired t-test, rangedand Altman.14
from -7.3–+2.0 indicating no significant difference
between the two methods. The standard deviation of
all differences was 22 ml/min.Results
During all 11 experiments, recordings were made Discussion
under mean arterial pressures ranging from 45 to
82 mmHg. We performed seven paired observations Transit time flowmetry is now increasingly used in
vascular1,15 and cardiovascular2,3 surgery. In cardio-in each animal (median, range 5–12). Plots of the paired
observations are shown in Fig. 2 with a curve fitted vascular surgery the method is used for quality control
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and may be indicative of graft patency and outcome.3 cross-sectional area is estimated from the diameter
of the lumen assuming this is circular. Apart fromThe technique was introduced in the 1960s,16 but the
theoretical basis for volume flow measurements with physiological changes in blood volume flow, which
may result from changes in either arterial pressure orthe transit time principle was developed in the 1970s.
It is simple and convenient to use and offers distinct peripheral vascular resistance, inaccuracy in meas-
urements may occur if one of several assumptions areadvantages compared with other invasive methods.
In contrast to electromagnetic flow probes, transit violated. The ultrasound intensity and the distribution
of scatter is assumed to be uniform throughout thetime measurements are independent of the haematocrit
fraction, they do not need zero baseline adjustment, sample volume. Flow is assumed to be laminar and
parallel to the vessel wall, but can be significantlyand since there is no drift of the recorded signal
calibration is unnecessary. In contrast to invasive skewed near branching points, bifurcations, curves,
anastomoses and stenotic lesions. The velocity profileDoppler ultrasound, it is insensitive to the angle of
insonation between the probe and the vessel, because is assumed to be truly parabolic in the artery, but tends
to flatten during systolic acceleration. Furthermore, init measures the transit-time for an emitted pulse from
one crystal to arrive at the other crystal via the reflector diastole the flow near the vessel wall moves slowly
and may even reverse. The Doppler shift from suchand vice versa. This distance is unaffected by the angle
between the probe and the vessel. It is independent slow flow may be cut off when using a wall-motion
filter, which may result in overestimation of volumealso of vessel diameter and shape, and the probe does
not have to be in direct contact with the vessel wall. flow. The arterial radius (diameter of the lumen) is
assumed to be constant over time, but in most arteriesAcoustic coupling can be achieved with ultrasound
gel. Some investigators claim that transit time flow- the diameter increases during systole and decreases
during diastole. In our study we measured the dia-metry is independent of the blood flow profile1,17,18
but one study found stenotic lesions to cause chaotic meter in systole which may in part be the reason for
the slight systematic overestimation of volume flow.artefacts with underestimation of flow.15 Its accuracy
has been validated in vitro,19,20 in experimental In addition, respiration may have a significant effect
on diameter, especially in veins, and sometimes thestudies4,17,19–25 as well as in humans.1–3 It has been
compared with timed blood collection,1–4,19,21,22,25 elec- cross-sectional area may not even be circular. Finally,
a limited axial resolution of the pulse-echo systemtromagnetic flowprobes,23 thermodilution,21,23 and
Doppler.2,24 may result in vessel diameter underestimation. One
or several of these factors may contribute to the wellTranscutaneous Doppler sonography has been used
in clinical studies to measure blood volume flow in known errors in transcutaneous estimation of mean
flow velocity and cross-sectional area.6,28,29 The inter-various vessels including the carotid artery,10 the
superior mesenteric artery,8 the portal vessels,13 the observer variability of both estimates is high,28 but
may be reduced by training programs.29 Validationumbilical,11 the inferior thyroid artery12 and the femoral
artery.7,9 The technique and its limitations has been studies in vitro6,10 and in vivo6,10,30 of non-invasive vol-
ume blood flow estimation by the pulsed-Dopplerreviewed thoroughly.5,6 Volume flow is calculated from
estimates of the time averaged mean velocity and method have shown differences between timed blood
collection and measured flow of 15–71%.6 Assumingthe cross-sectional area. The velocity profile in these
vessels is non-uniform so many Doppler frequencies the differences are normally distributed (Gaussian) we
found it inappropriate to express our results as aare measured simultaneously, which results in broad-
ening of the Doppler spectogram. It is possible to percentage error. By chance, even a very large dif-
ference between any two measurements is inevitable.process this spectogram to obtain a weighted average
velocity as a function of time thereby taking into Instead, the SEE seemed more appropriate. In one
study comparing volume flow by electromagneticaccount the contribution of all frequencies. A variety
of methods have been described to extract this in- flowmetry and transcutaneous Doppler they found a
SEE of 21–53 ml/min.30formation,5 e.g. readily calculating the mean Doppler
frequency from the spectrum, calculating the “mode” In our study the SEE for the individual pairs of
observations was 22 ml/mm. As seen in Fig. 3 there isfrequency or estimating the mean velocity from the time-
averaged maximum frequency. The latter has been considerable lack of agreement between the individual
paired observations with a discrepancy of up to 77 ml/suggested to correlate better with volume flow.26,27
Some duplex systems allow the user to select which min. The 95% prediction interval, which is calculated
from y=yfit–t0.975·SEE, is a measure of the uncertaintymethod should be used, but our system only calculates
the mean Doppler frequency from the spectrum. The for the next measurement. With our data the 95%
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resents true volume flow: the 95% prediction interval 9 Lewis P, Psaila JV, Davies WT, McCarty K, Woodcock JP.
Measurement of volume flow in the human common femoralfor measuring a true flow by Siemens Sonoline ElegraÌ
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95% prediction interval is calculated from yfit–44 ml/ 10 Borodzinski K, Filipczynski I, Nowicki A, Powalowski T.
Quantitative transcutaneous measurements of blood flow inmin, it follows that the relative uncertainty increases
carotid artery by means of pulse and continuous wave Dopplerwhen volume flow is slower. This may, indeed, be a methods. Ultrasound Med Biol 1976; 2: 189–193.
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graphy: relationship to portosystemic varices. Am J Roentgenoloff value to differentiate. Even though the uncertainty
1993; 161: 563–567.in the individual measurements is high, we find it
14 Bland JM, Altman DG. Statistical methods for assessing agree-
noteworthy that the SEE for the regression line is small ment between two methods of clinical measurement. Lancet 1986;
1: 307–310.(0.2 ml/min). This indicates very little uncertainty with
15 Gordon IL. Effects of stenosis on transit-time ultrasound meas-regard to the estimated strength of relationship. Thus,
urements of blood flow. Ultrasound Med Biol 1995; 21: 623–633.for group examinations and group comparisons the 16 Franklin DL, Baker DW, Ellis RM, Rushmer RF. A pulsed
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